Herpes simplex virus (HSV) is a large DNA virus which is characterized by its ability to form latent infections in neurons of the peripheral nervous system. Although histones are found in the capsids of small DNA viruses (papovaviruses), none are found in the capsids of large HSV. However, after entry into the infected cell nucleus, the HSV genome begins to associate with nucleosomes during the earliest stages of infection. In contrast, late during infection, newly replicated viral DNA does not appear to associate with nucleosomes, suggesting that histones are deposited specifically on input viral DNA. The mechanisms of deposition and removing histones from the viral genome are unclear. Recently, histone chaperones, involved in the assembly and disassembly of nucleosomes, have been identified. Human antisilencing factor 1 (Asf1) is one such factor which is involved in both the assembly and disassembly of nucleosomes in cellular systems. In this study, we have examined the effect of small interfering RNA (siRNA) knockdown of Asf1a on HSV infections in HeLa cells. Both viral replication and growth were found to be decreased. Also, viral DNA was significantly less protected from micrococcal nuclease (MNase) digestion up to 6 h postinfection (hpi). However, transcription of the immediate early (IE) genes ICP0 and ICP4 was significantly upregulated at 3 h postinfection. Also, these genes were found to be less protected from MNase digestion and, therefore, less associated with nucleosomes. These results suggest that Asf1a plays a role in regulating IE genes by assembling chromatin onto histone-free viral DNA by 3 h postinfection.
H erpes simplex virus (HSV) is a large DNA virus (152-kb double-stranded DNA [dsDNA] ) that infects humans. Initially, it infects epithelial cells at the periphery, and it eventually establishes latent infections in neurons of the innervating peripheral nervous system. Reactivation of this latent infection leads to recurrent disease and characterizes HSV infections.
Unlike small DNA viruses, which have nucleosomes in their virion capsids neutralizing the charge on the DNA (10, 44) , the charge on HSV DNA in virion capsids is assumed to be neutralized by polyamines (9) . After docking of the HSV capsid at the nuclear pore and entry of the viral DNA into the nucleus, the viral DNA appears to start to be assembled into chromatin. However, it is not chromatinized in a 200-bp, evenly spaced nucleosomal pattern during lytic infection, and no ladder-like MNase digestion pattern is detected on partial digestion during a productive lytic infection (28, 29, 36) .
Chromatin immunoprecipitation (ChIP) experiments suggest that nucleosomes are present in smaller amounts on HSV than cellular DNA (18, 20, 21, 24, 39) . Furthermore, during lytic infection, it has been suggested that the HSV DNA nucleosomes are less stable than normal (27) . If they are in an unstable dynamic state, they may be distributed evenly along the viral genome unless their positioning is sequence specific. Nevertheless, an evenly spaced nucleosomal pattern that is similar to that seen in partial MNase digestion of cellular DNA is detected during latent infection (5) . Little is known of the mechanism of chromatin assembly on the viral genome other than that it occurs at early times before DNA replication. ICP0 has been shown to dissociate the histone deacetylase 1 (HDAC1) from the REST/CoREST/HDAC repressor complex, resulting in an increase in H3 present on the viral genome (3, 12, 13) . VP22 has also been implicated in blocking nucleosome assembly on HSV DNA (51) .
Chromatin can be assembled on cellular DNA at the time of DNA replication or during DNA repair or transcription (1) . The basic unit of chromatin is the nucleosome, consisting of 2 copies each of the H3, H4, H2a, and H2b histone proteins, which protects 147 bp of DNA from MNase digestion. Histones are assembled into nucleosomes by histone chaperone proteins, such as antisilencing factor 1 (Asf1), histone regulator A (HIRA), and chromatin assembly factor 1 (CAF-1) (16) . Although Asf-1 is involved with both replication-dependent and replication-independent chromatin assembly, CAF-1 is involved with replication-dependent chromatin assembly and HIRA is involved with replicationindependent chromatin assembly (48) . Little is known of the role of these histone chaperones in the formation of nucleosomes on HSV-1 DNA during infection.
Asf1 participates in both nucleosome assembly and disassembly (23, 40) . In cellular DNA replication, Asf1 acts as a histone H3/H4 chaperone and, with CAF-1 and PCNA, assembles nucleosomes on replicated DNA (8, 11, 33, 45) . The absence of the Asf1 protein results in a delay in the advancing replication fork, leading to inefficient DNA replication (46) .
The chromatin structures on HSV DNA clearly play a role in viral gene expression during HSV infection. Evidence for the role of modifications (epigenetic markers) on histones comprising viral nucleosomes in gene expression from the viral genome during both lytic and latent infection of HSV is growing (22, 26, 30, 42) , as is evidence on their role in gene expression of other herpesviruses (34) .
In this study, we have examined the role of Asf1a in HSV in-in accordance with the manufacturer's instructions. cDNA was amplified by previously described methods (39) . SDS-PAGE and Western blots. F strain-infected and mock-infected HeLa cells were processed for Western blots by previously described methods (39) . The following antibodies were used: rabbit monoclonal antibody to Asf1a (Cell Signaling), rabbit polyclonal antibody to tubulin (Santa Cruz), ICP4 (Virusys), and VP16 (Sigma), and mouse monoclonal antibody to CAF-1 (Abcam) and ICP0 (Santa Cruz).
Chromatin immunoprecipitation assays. F strain-infected and mock-infected HeLa cells were processed for a ChIP assay by previously described methods (39) .
RESULTS

HSV-1 DNA replication and viral replication are delayed in cells treated with Asf1a siRNA.
To determine the impact of Asf1a on viral DNA replication and viral replication, HeLa cells in 6-well plates were transfected with Asf1a-specific siRNA or control siRNA for 2 days and then infected with HSV-1 strain F (MOI of 5). As shown in Fig. 1A and B, Asf1a mRNA and protein were knocked down while Asf1b mRNA was not changed during the time course of the experiment (0 to 16 hpi). The amount of Asf1b mRNA and CAF-1 protein were not significantly changed in Asf1a siRNA-and control siRNA-treated cells, suggesting that the knockdown of Asf1a is specific ( Fig. 1A and B ). Interestingly, the Asf1a protein level increased during late HSV-1 infection while CAF-1 protein levels were not changed ( Fig. 1A and B ). However, Asf1a mRNA levels did not change. In cytomegalovirus (CMV) infection, the Asf1a protein has also been noted to accumulate, as early as 8 hpi (38) . Before viral infection, total and live cell numbers of Asf1a knockdown cells were determined with a TC10 automated cell counter (Bio-Rad). Cell doubling time and cell viability were not changed in Asf1a siRNA-treated cells compared to negative siRNA-treated cells during the 2 days prior to infection, suggesting that knockdown of Asf1a had no major effect on cellular physiology over the time of our experiments (data not shown).
In our experiments, viral DNA was reduced and delayed from 6 hpi through 16 hpi in Asf1a siRNA compared to that in control siRNA-treated cells, while DNA at 3 hpi in Asf1a siRNA was similar to that in control siRNA-treated cells (Fig. 1C ). Viral yield from Asf1a knockdown cells was significantly reduced at 8 hpi (18-fold), 10 hpi (7-fold), and 16 hpi (4-fold) ( Fig. 1D ). Taken together, these data indicate that Asf1a plays an important role in HSV-1 DNA replication and viral replication from the earliest stages of viral infection.
HSV DNA is significantly less protected from MNase digestion at early times postinfection (p.i.) after Asf1a siRNA treatment. Because the Asf1a protein is a histone H3/H4 chaperone, the chromatin status of HSV DNA was determined after Asf1a siRNA treatment. MNase digestion was used to determine the protection of viral DNA assembled into nucleosomes. Cells were transfected with Asf1a siRNA or control siRNA, incubated for 2 days, infected with HSV-1 strain F (MOI ϭ 5), harvested at various times p.i., and digested with MNase as described in Materials and Methods. The nucleosome-protected viral DNA was purified, separated by agarose gel electrophoresis, blotted onto a membrane, and visualized by hybridization with probes from 5 cosmids covering the entire HSV-1 genome. Figure 2A shows less 150-bp nucleosome-protected viral DNA in the Asf1a siRNAtreated samples. Figure 2B shows the quantitated data from Fig.  2A , corrected for the total amount of viral DNA (before MNase digestion) in each sample. The 150-bp viral DNA fragment was measured by a Typhoon phosphor imager using ImageQuant software (GE Healthcare) and normalized to the total viral DNA at each time course (Fig. 1C ). Viral DNA was found to be significantly less protected in the Asf1a siRNA-treated samples at 3 hpi and 6 hpi ( Fig. 2B ) but not at later times in infection. Figure 2C shows the fraction of 150-bp fragment in total viral DNA. The fraction of viral 150-bp fragment in total viral DNA at 3 hpi (1%) was found to be significantly less than that at other times. Viral DNA was most covered with nucleosome-like particles (7%) at 6 hpi in control siRNA-treated cells. These results suggest that Asf1a is important in assembling nucleosomes on viral DNA, especially at the early stage of infection. The fact that nucleosomes are deposited in the absence of Asf1a (Asf1a siRNA-treated cells) but at later times (peaking at 8 hpi) suggests that there may be a second (Asf1a-independent) mechanism for nucleosome deposition on HSV DNA, operating at later times in the infectious cycle.
Transcription of viral immediate early genes but not early or late genes is upregulated at early times in Asf1a siRNA-treated cells. To investigate the impact of the reduction of nucleosomes on viral DNA (caused by suppression of Asf1a) on viral gene expression, representative genes from each class of viral genes (IE, early [E], and late [L]) were examined. HeLa cells were treated with siRNA to Asf1a and infected with HSV-1 (F) at a MOI of 5. At various times p.i., cells were harvested and RNA was extracted and quantitated by RT-qPCR as described in Materials and Methods. Relative mRNA levels for ICP0, ICP4, TK, and VP16 were determined by qPCR and normalized to 18S rRNA levels. The relative mRNA amount was calculated based on a 3-hpi sample in negative siRNA-treated cells.
As shown in Fig. 3A and B, the accumulation of both ICP0 and ICP4 (IE) transcripts was dramatically increased in Asf1a siRNAtreated cells. However, there was no significant change in early (TK) and late (VP16) gene transcription ( Fig. 3C and D) . Together, these results suggest that the knockdown of Asf1a results in less-chromatized viral DNA, which leads to more transcription of IE genes (ICP0 and ICP4) but not E or L genes (TK, VP16). Viral protein expression is altered after suppression of nucleosome deposition. In order to determine if the increase in ICP0 and ICP4 transcripts in Asf1a siRNA-treated cells results in an increase in protein expression, we performed a Western blot analysis of ICP0, ICP4, and VP16 protein at various times p.i. in the presence and absence of Asf1a siRNA. Interestingly, only ICP0 protein expression was shown to be increased after knockdown of Asf1a, while the level of ICP4 and VP16 protein was not changed ( Fig. 4; 3 independent experiments).
The promoter regions of ICP0 and ICP4 were less associated with nucleosomes in Asf1a siRNA-treated, HSV-1 infected cells. To confirm the reduction in association of nucleosomes with viral genes in Asf1a siRNA-treated cells, HeLa cells were transfected with Asf1a siRNA or control siRNA for 2 days, infected with HSV-1, and harvested at various times p.i., as previously described. A chromatin immunoprecipitation assay (ChIP) was performed to determine the amount of viral DNA associated with histone H3 (as described in Materials and Methods).
The promoter regions of ICP0, ICP4, and TK were shown to be significantly less associated with histone H3 at 3 hpi but associated at a similar level at 6 hpi and up to 16 hpi in the Asf1a-treated and untreated cells (Fig. 5A, B , and C). However, the association of the promoter region of VP16 with histone H3 was not changed. Interestingly, although the transcribed region of ICP0 was a little less associated with histone H3 at 3 hpi after Asf1a siRNA treatment (P ϭ 0.01), the transcribed regions of ICP4, TK, and VP16 showed no change in association with histone H3 (Fig. 5B, C, and D) .
To confirm these data, we used the alternative method of MNase digestion and qPCR to determine the association of promoter and transcribed regions with nucleosomes in Asf1a siRNAtreated HSV-1 infected cells (Fig. 6 ). MNase digestion was performed, and purified 150-bp DNA was amplified by qPCR as described in Materials and Methods. The promoter regions of all genes tested, IE (ICP0 and ICP4), E (TK), and L (VP16), were significantly less protected from MNase digestion at 3 hpi but maintained at a similar level between 6 hpi and 16 hpi ( Fig. 6 ). There was one exception, the promoter region of VP16 at 16 hpi (P Ͻ 0.001). The transcribed regions of ICP4, TK, and VP16, but not ICP0, were significantly different at 3 hpi (P Ͻ 0.01). ICP0 had marginal significance, with a P value of 0.02. There was no difference at later times (6 to 16 hpi).
There is a 10-to 50-fold difference of percent input values between Fig. 5 and Fig. 6 . Overall, ChIP samples have a higher percent input than MNase samples. This may be due to the crosslinking treatment for ChIP samples. ChIP samples have tighter binding, leading to the higher percent input retained compared to that for MNase samples. Alternatively, the difference may be due in part to the difference in size of the DNA fragments. MNase digestion and selection of 150-bp-sized DNA fragments result in only nucleosome-sized particles being detected, whereas the ChIP technique relies on sonication of DNA to approximately 500-bp fragments for its technique, resulting in less specificity for nucleosome-sized particles. The fact that the difference between the results for the 2 techniques is so marked for ICP0 compared to ICP4 suggests that there may be a lot of nonnucleosomal protein material on the ICP0 promoter but not many nucleosomes at 3 hpi.
Taken together, these data broadly support each other. Clearly, the effect of Asf1a on nucleosome deposition on HSV DNA occurs early in the infectious cycle, at a time before DNA replication is occurring.
DISCUSSION
Asf1 is a histone H3/H4 chaperone that plays critical roles in various cellular functions, including DNA replication, gene tran-scription, and DNA repair (35) . Asf1 has two isoforms in humans, Asf1a and Asf1b, which are functionally different (6, 47, 50) . Asf1a differs in its serine/threonine-rich C-terminal region and is more phosphorylated than Asf1b (32, 37, 47) . However, there are similarities between the two isoforms (49) . Human Asf1a (204 amino acids [aa]) and Asf1b (202 aa) show 71% identity in protein sequences, and both of them interact with the p60 subunit of CAF-1 (2, 49) . The expression of Asf1a is ubiquitous in various human cells, while Asf1b is specifically expressed in tissue (50) . Asf1b has been shown to be recruited by HCF-1 into viral replication forks during viral DNA replication (41) . In HSV-1-infected cells, Asf1b has been shown to be required for efficient viral DNA replication (41) . In varicella-zoster virus (VZV)-infected cells, IE63 gene expression was shown to increase the association of Asf1a with H3.1 and H3.3 (2) . VZV replication was not changed following the knockdown of the Asf1 protein. In cytomegalovirus (CMV) infections, Asf1a was localized to the region of the replication compartment (38) .
Asf1 is known to interact with other chromatin-associated proteins, such as histone cell cycle regulation-defective homolog A (HIRA) and chromatin assembly factor (CAF-1) (8, 49) . HIRA has been shown to be required for efficient histone variant H3.3 deposition on the HSV-1 genome, viral gene expression, and DNA replication (42, 43) . Asf1a interacts more preferentially with HIRA than does Asf1b (48, 49, 52) . Asf1 can also form complexes with the DNA damage checkpoint kinase Rad53 (7, 19) .
In contrast to the role that Asf1b plays in viral DNA replication and late (but not immediate early or early) viral gene expression (41) , it appears that Asf1a plays an important role in viral growth and gene expression at the early stages of viral infection. Viral replication and viral growth were decreased in Asf1a knockdown (siRNA-treated) cells, supporting a role for Asf1a in these processes ( Fig. 1) . Reduction in these processes, rather than complete blocking, suggests that other chaperones, like Asf1b, may also play a role in this process.
Interestingly, overall protection of the viral genome from MNase digestion was highest at 6 hpi (suggesting that the nucleosome content of the viral DNA is highest at this time p.i.) (Fig. 2) , while promoter regions and transcribed regions of representative genes from IE, E, and L classes (ICP0, ICP4, TK, VP16) were most associated and protected at 3 hpi ( Fig. 5 and 6) , indicating that the nucleosome content of these genes can vary from that of the whole genome. Although only about 1% of the viral DNA is protected from nuclease digestion at 1 hpi, this percentage rises to 7% of total viral DNA at 6 hpi before dropping off at later times (Fig. 2C ). This number may be more or less due to the digestion conditions, which were optimized to give 150-bp fragments. Overdigestion with MNase will digest these 150-bp fragments to smaller sizes. However, our data show that at least some HSV DNA is protected from MNase digestion in 150-bp fragments, indicative of the pres-ence of nucleosomes. However, because we have no direct evidence for nucleosomes (histone octamers consisting of dimers of H2A and B, H3, and H4 present on HSV DNA), perhaps it is more correct to call them nucleosome-like particles.
The highly upregulated ICP0 and ICP4 transcription seen in Asf1a siRNA-treated cells (Fig. 3) suggests that the addition of nucleosomes to these genes by an Asf1A-mediated pathway leads to decreased, or suppressed, transcription. A decrease in H3/H4 deposition (possibly with heterochromatin marks) by Asf1a knockdown may contribute to the derepression of IE promoters. The dramatic rise in levels of transcripts from the IE genes ICP0 and ICP4 is in contrast to that of the early gene TK and the late gene VP16 (Fig. 3 ). This rise may be the result of the VP16 transcriptional coactivator complex's ability to dislodge nucleosomes from the IE genes (25) or the entire HSV-1 genome (14), the rate-limiting step in IE gene expression. The failure to deposit nucleosomes in the absence of Asf1a would remove this bottleneck, allowing increased IE gene expression.
The overexpression of the IE transcripts did lead to a detectable overexpression of ICP0, but not ICP4, protein (Fig. 4) . The IE transcripts are exported into the cytoplasm for translation. However, with the limited resources of a cellular translation system under the stress of a viral infection, they may not be processed quickly. Nevertheless, the spliced ICP0 mRNA can be exported and translated through the altered nucleosome positioning. In the cellular system, splicing regulators can be recruited by modulation of the positioning of nucleosomes along exons (31) . We suggest that an increase in ICP0 protein expression was observed because the splicing of ICP0 was helpful for the export and translation of ICP0 transcripts during the knockdown of Asf1a. This supports a role of chromatinization of the viral genome by Asf1a in reduction of viral transcription and, hence, limited protein expression.
In conclusion, Asf1 is considered to play a role in both cellular nucleosome assembly and disassembly (17) , and our data indicate that it also plays a role in viral chromatin assembly. Overall chromatin assembly on HSV-1 DNA up to 6 hpi was dependent on a mechanism involving Asf1a, and in its absence, nucleosomes were not deposited and transcription was increased in IE genes. At later times, some nucleosomes appear to accumulate on the viral genome by an Asf1a-independent mechanism.
